Abstract: Mitochondrial porins (voltage-dependent anion-selective channels, VDAC) are key contributors to cellular metabolism. When isolated from mitochondria porins copurify with sterols, and some isolated forms of the protein require sterol for insertion into artificial membranes. Nonetheless, the contributions of sterols to the folded state of mitochondrial porin are not understood. Recently, with the goal of high-resolution structural studies, several laboratories have developed methods for folding recombinant porins at high concentration in detergent. In the present study, recombinant Neurospora crassa porin solubilized in detergent-sterol mixtures was examined. Sterols do not significantly alter the secondary structure of porin in lauryl dimethylamine oxide, nor in a mixture of sodium dodecylsulfate and dodecylmaltopyranoside. However, as detected by near-UV circular dichroism spectropolarimetry and fluorescence spectroscopy, the environments surrounding the aromatic amino acids in the detergent-sterol solubilized protein are measurably different from those in detergent alone. Furthermore, the effects are different in the presence of ergosterol, the native sterol in fungal mitochondria, and cholesterol. While these influences on the tertiary arrangement of detergent-solubilized porin are subtle, they may contribute to the generation of a form of the protein competent for insertion into the artificial bilayers used for electrophysiological analyses, and should be considered in future structural studies of porin.
Introduction
Voltage-dependent anion-selective channels (VDAC; Colombini 1980) , also known as mitochondrial porins, are responsible for the bidirectional transport of molecules across the mitochondrial outer membrane (reviewed by Benz 1994) . Mitochondrial porins are predicted to traverse the membrane to form water-filled b barrels (for example, see Fig. 1 ; reviewed by Bay and Court 2002; Casadio et al. 2002; Runke et al. 2006; Engelhardt et al. 2007 ). Interactions of porin with solutes and both soluble and membranebound proteins contribute to regulated channel activity that in turn controls mitochondrial metabolism and other cellular processes (reviewed by Blachly-Dyson and Forte 2001; Lemasters and Holmuhamedov 2006) .
Mitochondrial porins, solubilized in detergents including lauryl dimethylamine oxide (LDAO; Koppel et al. 1998; Shanmugavadivu et al. 2007; Malia and Wagner 2007) and a mixture of sodium dodecylsulfate (SDS) and dodecylmaltopyranoside (DDM) (Bay et al. 2008) , exist in states with b-strand content of 30%-45%, similar to that observed for the protein in membranes (32%-37%) (Shanmugavadivu et al. 2007; Bay et al. 2008) . In LDAO, interactions of the protein with in vivo partners such as ATP (Engelhardt et al. 2007) , NADH, and Bcl-x L (Malia and Wagner 2007) , suggest that near-native folding has been achieved. However, differences between the folded state in LDAO and membranes have recently been revealed through near-UV circular dichroism (CD) spectropolarimetry, fluorescence spectroscopy, and proteolysis (Shanmugavadivu et al. 2007; Bay et al. 2008 ). These observations suggest that completely native folding is not achieved in these detergents and that the interactions described above could occur with partially folded porins. In a mixture of SDS and DDM, recombinant Neurospora crassa mitochondrial porin displayed fluorescence and CD characteristics like those of the membrane-bound forms (Bay et al. 2008 ), but interactions with binding partners were not addressed.
One aspect that has yet to be examined is the role of sterols in the folding of mitochondrial porins. Ergosterol copurifies with porin from N. crassa (Freitag et al. 1982) and cholesterol is associated with rat heart and bovine mitochondrial porins (De Pinto et al. 1989) . A role for sterol in the folding of porin has been suggested by observations that the insertion of sterol-free, water-soluble native mitochondrial porin, or His 6 -tagged recombinant protein into artificial bilayers requires sterols (Pfaller et al. 1985; Popp et al. 1995 Popp et al. , 1996 Koppel et al. 1998; Carbonara et al. 1996) . The role of sterols in the folding of membrane proteins has been emphasized recently, with the determination of the structure of a b2-adrenergic G protein-coupled receptor -T4 lysozyme fusion protein, which could only be crystallized in the presence of cholesterol (Cherezov et al. 2007) .
With the establishment of fluorescence and near-UV CD as tools for investigating the tertiary conformation of mitochondrial porins (Bay et al. 2008) , it was possible to further investigate the role sterols play in determining the folded state of N. crassa mitochondrial porin in detergents. His 6 -porin was solubilized in LDAO and a mixture of SDS and DDM. The effects of ergosterol and cholesterol were investigated using CD spectropolarimetry and fluorescence spectroscopy with tryptophan model compounds as references.
Materials and methods

Sterols, detergents, and amino acid derivatives
N-Acetyl tryptophan amide, SDS, ethylene glycol, N-acetyl-L-tryptophan ethyl ester, cholesterol, and ergosterol were obtained from Sigma-Aldrich (St. Louis, Missouri). Dodecyl-b-D-maltoside and LDAO were purchased from Anatrace (Maumee, Ohio) and urea from VWR (Mississauga, Ontario).
Expression and purification of His 6 -porin
The cloning of the cDNA for N. crassa mitochondrial porin into the pQE-9 vector (Qiagen, Toronto, Ontario), which encodes an N-terminal His 6 tag has been described previously . Protein expression was carried out using the QIAexpress Escherichia coli M15 [pREP4] strain from Qiagen.
Recombinant His 6 -porin was expressed in E. coli and purified on immobilized nickel nitrilotriacetic acid (Ni-NTA) in 8 mol/L urea, as described in (Bay et al. 2008) . The yield of His 6 -porin was 2-5 mg/L, and the protein concentration was determined using the calculated extinction coefficient at 280 nm of 24 050 (mol/L) -1 Ácm -1 , which was estimated using the equation 3 = (5500nW) + (1490nY) + (125nC) (Gill and von Hippel 1989) , where nW = 2, nY = 9, and nC = 0 for His 6 -porin. Protein purity was monitored by SDS-PAGE and was estimated to be at least 95%.
Sterol-detergent solubilization of His 6 -porin
Dialyzed His 6 -porin was acetone-precipitated and the Runke et al. 2006) . The N terminus is at the left and proposed to fold into an a helix (cylinder) that resides in the intermembrane space. Potential b strands are indicated by rectangles and loops and turns by arrows between them. The predicted positions of the tyrosine (Y) and tryptophan (W) residues are indicated. Note that high-resolution structural data to test these predictions are not available. Structures of (B) ergosterol and (C) cholesterol were generated with ChemIntosh version 3.3.2.
dried pellets were resuspended in detergent-sterol solutions in phosphate buffer (50 mmol/L sodium phosphate, pH 7; Bay et al. 2008) . Detergent-sterol solutions were prepared in microfuge tubes by evaporation of 0.10 mg of ergosterol or cholesterol in 1 mL of chloroform overnight in a fumehood at room temperature (22-25 8C). Each 0.10 mg aliquot of dried sterol was resuspended in 1 mL of a high-concentration detergent solution (21 mmol/L SDS or 300 mmol/L LDAO) in phosphate buffer. These samples were vortexed for 10 min and mixed by inversion overnight at room temperature. The detergent-sterol solutions were centrifuged at 10 000g for 15 min to remove any insoluble material; pellets were not visible after centrifugation. One millilitre from each high-concentration detergent-sterol suspension was added directly to acetone-precipitated His 6 -porin at high concentrations (29-58 mmol/L) to prepare samples for near-UV CD analysis. For far-UV CD analysis, detergent-sterol suspensions were diluted 1 in 5 into phosphate buffer and used to solubilize acetone-precipitated His 6 -porin at lower initial concentrations (5-10 mmol/L). For SDS/DDM-sterol samples, powdered DDM was added to His 6 -porin solubilized in 21 mmol/L SDS and 0.1 mg/mL sterol (252 mmol/L for ergosterol and 258 mmol/L for cholesterol) to a final concentration of 180 mmol/L DDM. The detergent-sterol-His 6 -porin samples were mixed by repeated inversion overnight at room temperature, centrifuged at 10 000g for 15 min, and the optically cleared supernatants were collected. Samples lacking His 6 -porin were prepared as described above and used as baselines for spectroscopic analysis.
Fluorescence spectrophotometry
Fluorescence spectroscopic analyses of detergent-sterol solubilized His 6 -porin and model compounds were performed using a JASCO-810 (FMO-427S) spectropolarimeter/ fluorometer. Emission spectra were measured in a 1-cm path length quartz cuvette after excitation at 296 nm. Two model compounds were used: the N-acetyl derivative of tryptophan (NAc-W-NH 2 ) and a more hydrophobic O-ethyl derivative (NAc-W-OEth). Concentrations ranged from 0.66-1.07 mmol/L for NAc-W-NH 2 and 0.70-1.23 mmol/L for NAc-W-OEth. Fluorescence of His 6 -porin in detergent was measured at A 280nm = 0.01, which corresponds to a protein concentration of 0.42 mmol/L. Spectra obtained from protein and model compounds in detergent-sterols were normalized to a concentration of 0.42 mmol/L with reference to His 6 -porin in urea. For tryptophan compounds, each data point in the spectrum was multiplied by (absorbance at 280.8 nm of His 6 -porin) / (absorbance of the model compound solution at 280.8 nm). When detergent contributed significant noise to the spectra, fluorescence scans were repeated 3 times and, when necessary, the averaged spectra were smoothed using a moving average over a window of 5 nm.
Circular dichroism spectropolarimetry
CD spectra were acquired on a JASCO J-810 spectropolarimeter/fluorometer calibrated with (+)-10-camphorsulfonic acid and purged with N 2 at 20 L/min. CD spectra of sterol-detergent solubilized His 6 -porin (1.5 mmol/L) samples were measured in the far-UV region (190-250 nm) using 0.05-0.10 cm path length quartz cuvettes at 22 8C, a scan rate of 10 nm/min, and a response time of 8 s. CD spectra were corrected by subtraction of baselines obtained from identical mixtures lacking the protein. The spectra were converted to mean residue ellipticity (MRE) according to the formula: [q] M = Mq / 10lcn, where [q] M is the mean residue ellipticity and is reported in 10 -3 degÁcm 2 Ádmol -1 , M is the molecular mass of His 6 -porin (31 402 g/mol), q is the measured ellipticity in millidegrees, l is the path length of the cuvette in centimetres (0.1 cm), c is the protein concentration in grams per litre, and n is the number of amino acid residues in the protein (295). Spectra were deconvoluted with the CONTINLL algorithm (Provencher and Glockner 1981; van Stokkum et al. 1990 ) in the DichroWeb package (Whitmore and Wallace 2004) .
Near-UV (245-330 nm) CD spectra of 33 mmol/L His 6 -porin in~250 mmol/L sterol and detergent were measured with a JASCO J-810 spectropolarimeter/fluorometer in a 1-cm path length jacketed quartz cuvette at room temperature, with a scan rate of 2 nm/min and a response time of 8 s. Molar ellipticity of His 6 -porin was calculated from the baselinecorrected spectra according to the formula: [q] = Mq / 10lc, where [q] is the molar ellipticity in degÁcm 2 Ádmol -1 , q is the measured ellipticity in millidegrees, l is 1 cm for detergentsterol-His 6 -porin or 5 cm for His 6 -porin-sterol-liposomes, and c is the protein concentration in grams per litre.
Results and discussion
Secondary structure of detergent-solubilized His 6 -porin in the presence of sterols
To determine if sterols alter secondary structural arrangements in detergent, His 6 -porin was solubilized in 3.5 mmol/L SDS -30 mmol/L DDM, or 50-75 mmol/L LDAO in the presence of ergosterol or cholesterol. These SDS, DDM, and LDAO concentrations exceed the critical micelle concentrations (CMCs) of the individual detergents, which were determined experimentally to be 1.0, 0.9-1.9, and 3.1-3.8 mmol/L, respectively, in 50 mmol/L phosphate buffer. Based on the work of (Schick (1964) ), the CMC of SDS in this electrolyte solution was calculated to be~1.3 mmol/L. The sterol concentrations of 0.02 mg/mL (or~50 mmol/L or~1.5 mol%), are similar to those in the electrophysiological studies of porin (for example, see Popp et al. 1996) . In N. crassa outer membranes, ergosterol occurs at about 25 mol% of the total phospholipid and sterol (Hallermayer and Neupert 1974) . However, this concentration of sterol could not be maintained in the relatively low detergent concentrations used in this study, and light scatter from solutions containing >5 mol% sterol was too high for spectroscopic analysis of low concentrations of protein.
Far-UV CD spectropolarimetry demonstrated that the b-strand rich state observed in LDAO and SDS-DDM (Bay et al. 2008 ) is not significantly changed in the presence of each sterol (Table 1 and Fig. 2 ), in agreement with data obtained from far-UV CD analysis of recombinant His-tagged pea root plastid porin solubilized in Genapol-X080 in the presence or absence of plant sterols (Popp et al. 1997) .
Tryptophan fluorescence of model compounds and His 6 -porin in detergent and sterol
Although b-strand content is essentially unchanged, perturbation of tertiary interactions by sterols remained possi-ble. The wavelength of maximum emission (l max Trp) of tryptophan fluorescence reflects the microenvironments surrounding tryptophan residues in proteins; l max Trp ranges from 347-352 nm in unfolded proteins to 331 nm or less in partially hydrophobic environments in folded proteins (Burstein et al. 1973 (Burstein et al. , 1977 Reshetnyak et al. 2001) . Neurospora crassa mitochondrial porin contains 2 tryptophan residues (W74 and W209), one or both of which are predicted to reside within b-strand-spanning regions of the protein (reviewed in Bay and Court 2002 and see Casadio et al. 2002; Engelhardt et al. 2007) , where hydrophobic interactions with the surrounding lipids and (or) sterols, as well as with adjacent b strands are expected.
As expected, l max Trp for His 6 -porin in 8 mol/L urea is 348 nm, similar to that observed for model tryptophan compounds in the same solution ( Table 2 ). The fluorescence intensity is about half of that of N-Ac-W-NH 2 , likely because of quenching by peptide carbonyl groups in the unfolded protein (Cowgill 1967) . The l max Trp of His 6 -porin in 50 mmol/L LDAO and SDS-DDM is at 332-333 nm (Table 2 ; also see Shanmugavadivu et al. 2007 ). Thus, folding of the protein in LDAO forces the tryptophan residues into environments more hydrophobic than those experienced by the model compounds interacting with corresponding micelles or in the hydrophobic solvents ethylene glycol and methanol (Table 2) .
In both detergent systems, cholesterol led to decreased fluorescence intensity (~33%-50%), and l max Trp was unchanged or weakly red-shifted, suggesting further quenching by the sterol rather than movement of the tryptophan residues into very hydrophobic environments. The intensity decrease must be related to the folded state of the protein, as a similar decrease was not observed in the fluorescence of either model compound (Table 2 ). In LDAO, the presence of ergosterol led to blue shifts in l max Trp (5-9 nm), with a small decrease in fluorescence intensity. In SDS-DDM, cholesterol led to slightly red-shifted tryptophan fluorescence. Unfortunately, the presence of ergosterol in SDS-DDM solution generated a high degree of light scatter that prevented analysis of the effects of ergosterol on tryptophan residues in porin dissolved in that detergent mixture.
Near-UV CD spectropolarimetry of detergent-sterol solubilized His 6 -porin
Near-UV CD spectropolarimetry provides information on the tertiary arrangements of aromatic residues based on the absorption of tryptophan (270-280 nm) and tyrosine (265-270 nm). Increasing detergent concentrations fivefold (21 mmol/L SDS -180 mmol/L DDM or 300 mmol/L LDAO) permitted the solubilization of high concentrations of sterols and His 6 -porin ( 25 mmol/L) for near-UV CD analysis. All components were maintained at the molar ratios used for far-UV CD analysis. His 6 -porin in 8 mol/L urea served as a control for the unfolded protein (Bay et al. 2008) .
The near-UV CD spectrum of His 6 -porin solubilized in 21 mmol/L SDS -180 mmol/L DDM (Fig. 3A) has positive ellipticity from 260-300 nm. Positive ellipticity has also been observed for His 6 -porin reconstituted into liposomes and suggests that the protein conformation in SDS-DDM resembles that in membranes (Bay et al. 2008 ). The CD spectrum of His 6 -porin in SDS-DDM changes very little in the presence of ergosterol. However, the intensity of the positive ellipticity near 283 nm in His 6 -porin is strongly reduced in CD spectra of His 6 -porin collected in the presence of cholesterol (Fig. 3A) , indicating an alteration in the arrangement of at least one of the tryptophan residues in His 6 -porin, as suggested by the fluorescence data.
The CD spectrum of His 6 -porin solubilized in 300 mmol/L LDAO closely resembles the spectrum of His 6 -porin in 8 mol/L urea (Bay et al. 2008) ; both spectra show very little positive or negative ellipticity (Fig. 3B) , suggesting very limited tertiary structure. Only ergosterol appears to have some affect on His 6 -porin conformation in LDAO, as evidenced by the increased negative ellipticity resulting in a minimum near 280 nm (Fig. 3B) . Nonetheless, the near-UV spectrum in the presence of either sterol does not resemble that of membrane-embedded porin (Bay et al. 2008) .
Concluding remarks
In summary, fluorescence and near-UV data suggest that sterols promote subtle alterations in the environments surrounding tryptophan residues in detergent-solubilized His 6 -porin. Ergosterol influences tryptophan residues in porin in LDAO, but not in SDS-DDM, suggesting differences in the structures promoted by these detergents, even though both of these forms possess some of the functional and structural characteristics of membrane-embedded porin (Shanmugavadivu et al. 2007; Malia and Wagner 2007; Bay et al. 2008) . Cholesterol perturbs the environments surrounding tryptophan only in SDS-DDM solubilized porin, but this sterol is not native to N. crassa. Ergosterol and cholesterol differ by the presence, in ergosterol, of an unsaturated bond in the tetracyclic ring structure, and a methyl group and a double bond in the acyl tail attached to C17 (see Fig. 1 ). Presumably, the region of the protein that interacts with one or both of these segments of cholesterol is differentially exposed in porin dissolved in LDAO and SDS-DDM. Mitochondrial porins do not contain sequences resembling known sterol-binding domains, and it is most likely that any interactions with the copurifying sterol would be limited to the hydrophobic outer face of the barrel. As only 2 of the proposed 12-16 b strands in porin contain tryptophan residues, it remains possible that other interactions between ergosterol and the protein in SDS-DDM may not significantly influence the environment surrounding the tryptophan residues.
The requirements for sterol in electrophysiological experiments using recombinant porins may reflect minor modifications to structure, such as shielding of particular residues (Popp et al. 1995) , thereby generating a conformation required for interaction with, or insertion into, the artificial bilayers used for electrophysiological studies. The current data suggest that the interactions with ergosterol do not perturb secondary structure significantly, and do not include the regions harbouring the 2 tryptophan residues. The fact that porin solubilized in LDAO, but not in SDS-DDM, interacts with native sterol further supports contentions that structural differences exist between the 2 forms of the protein. Further analysis is required to assess these predicted differences and determine the significance of the subtle perturbations detected in this work.
